Abstract For patients whose scoliosis progresses, surgery remains the ultimate way to correct and stabilise the deformity while maintaining as many mobile spinal segments as possible. In thoracolumbar/lumbar adolescent idiopathic scoliosis (AIS), the spinal fusion has to be extended to the lumbar spine. The use of anterior spinal fusion (ASF) instead of the classic posterior fusion (PSF) may preserve more distal spinal levels in attempt to limit the consequences of surgery on trunk mobility. The effects of surgery on body shape, pain and the decompensation phenomenon have all been well evaluated. Very few studies have addressed the effect of ASF or PSF on basic activities, such as walking. Before any treatment, AIS patients already have reduced pelvis, hip and shoulder motion when walking at a normal speed compared with adolescents without scoliosis (control group). Additionally, they have longer contraction time of the lumbar and pelvic muscles leading to an excessive energy cost and reduced muscle efficiency. In addition, if these changes are associated with spinal stiffness, spinal fusion could further negatively affect this pre-surgical inefficient walk. The goals of this study were (a) to compare pre-and 1-year post-surgery conditions in order to assess the effects of spinal arthrodesis on gait parameters and (b) to compare the anterior versus the posterior surgical approaches. Nineteen young females with thoracolumbar/lumbar AIS were assessed by radiological and clinical examination and by conventional gait analysis before surgery and at almost 12 months after surgery. Seven subjects underwent surgery using ASF and 12 using PSF. Three-dimensional gait analysis was performed on a motor-driven treadmill at spontaneous self-selected speed to record kinematic, electromyographic (EMG), mechanical and energetic measurements synchronously. Although it was expected that the instrumentation would modify the characteristics of normal walking, this study showed that surgery does not induce asymmetric gait or any significant differences between the ASP and the PSF surgery groups. One year after surgery, the changes observed consisted of improvements in the gait and mechanical parameters. In the PSF group, 11-14 vertebrae were fused while only 3-4 were fused in the ASF group. In both AIS groups, step length was increased by 4% and cadence reduced by 2%. There was a slight increase in pelvis and hip frontal motion. Only the transverse shoulder motion was mildly decreased by 1.5°. All the other gait parameters were left unchanged or were improved by surgery. Notably, the EMG timing activity did not change. The total muscular mechanical work (W tot ) increased by 6% mainly due to the external work (W ext ), i.e. the work performed by the body muscles to move the body in its surroundings. The energy cost, although showing a tendency towards a reduction, remained globally excessive, probably due to the excessive co-contraction of the lumbo-pelvic muscles.
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The effect of surgery on body shape, pain and decompensation phenomenon, regardless of selected surgical technique, has been well documented [8] [9] [10] [11] . After surgery, the spine becomes stiffer with decrease of the spinal range of motion (ROM) in 3D [10, 16] . Patients with fusion ending at L3/above had better lumbar mobility compared with those with more caudally ending fusion [10] . This could alter locomotion that is an essential and basic function of the body. Only two studies [16, 20] assessed the effect of surgery for AIS on kinematic gait parameters. To our knowledge, no study has assessed the effect of surgery on mechanical and energetic variables. The measurement of these variables is useful tool to evaluate the effect of interventions on gait recovery [13] . Moreover, the existing studies [16, 20] have focused on thoracic AIS, while for thoracolumbar/lumbar AIS, the spinal fusion extends down to the lower lumbar spine, which could modify the movement between pelvis and trunk, thus altering the gait. In a previous study we have shown that, in untreated thoracolumbar/lumbar AIS, frontal pelvis motion, i.e. dropping and rising of pelvis, was reduced [22] . Hip motions in frontal plane (i.e. abduction-adduction) and in transverse plane (i.e. rotation) were also reduced as well as frontal shoulder motions.
In this study, pelvic and hip frontal motions were, respectively, reduced by 20 and 30% as compared to healthy subjects, although transversal hip and frontal shoulder motions by 4%.
Pelvic and hip frontal motions were, respectively, reduced by 20 and 30% as compared to healthy subjects, although transversal hip and frontal shoulder motions by 4%.
Regardless of severity of the curvature, longer contraction time of spino-pelvic muscles occurs related to excessive energy cost of up to 30% [22, 23] . If these changes are linked to spinal stiffness, then spinal fusion could further negatively affect the already inefficient gait of AIS patients.
The purpose of this study was twofold: (1) to compare pre-and 1-year post-surgery conditions in 19 thoracolumbar/lumbar AIS patients in order to assess the effect of spinal arthrodesis on kinematic, electromyographic, mechanic and energetic variables during gait and (2) to compare anterior versus posterior approach, with the hypothesis that posterior instrumentation is more damaging to gait variables than shorter anterior instrumentation.
Materials and methods

Study population
This study details preoperative and postoperative gait analysis data for 19 young females with AIS (mean age 15.0 ± 1.4 years) ( Table 1 ). The gait analysis was performed within 15 days before surgery and once again 12 months after surgery or later (12-16th months postoperatively). All patients had a thoracolumbar/lumbar primary structural curve according to Lenke's classification [19] . Seven subjects (14.8 ± 1.4 years) underwent surgery using anterior spinal fusion (ASF) and twelve patients (16.0 ± 1.2 years) posterior spinal fusion (PSF) ( Table 1) . Each subject signed on and participated freely in study, approved by the local ethics board. All subjects were assessed by radiological and clinical examination and 3D instrumented gait analysis.
All patients were operated on by the same two orthopaedic surgeons. The same instrumentation was used (Universal spine system, Synthes, Oberdorf Switzerland) for both anterior and posterior approaches. Surgery was performed under somatosensory-evoked potentials monitoring. The choice of ASF was not done randomly but performed with the followed prerequisites [2, 4, 18] : thoracolumbar or lumbar curves (apex T11-L2) inferior to 50°, flexible main structural curves corrected at least 50% on convex bending radiographs, compensatory thoracic curve inferior to 20°on the concave bending film of the structural curve, less than 10°of kyphosis over the proposed length of instrumentation and less than 60°of kyphosis in the thoracic spine checking on sagittal X-ray. The length of arthrodesis, established in preoperative standing postero-anterior (PA) and supine bend radiographs, varied as a function of ASF/PSF choice.
For ASF group, short segmental fusion level was selected following Hall's criteria [2, 18, 33] . For PSF, both major thoracolumbar/lumbar and minor main thoracic structural curves were included in arthrodesis. The upper fused vertebra was selected on sagittal radiograph to recreate thoracic kyphosis (mostly T2-T3). The choice of the lowest instrumented vertebra (LIV) for caudal fusion was as follows: below the more distal incurved vertebra, the first vertebral body left unfused distally had to display no rotation or only minor vertebral rotation and the disc space located above this unfused vertebral body had to correct completely or overcorrect on convex bending X-ray of structural curve. For ASF, maximal correction was done by applying derotation and compression to align screws over convex rigid single-rod applied to vertebral convex lateral side. This rod was previously bent to provide lordosis over instrumented levels after rotation in sagittal plane. Rib autografts were placed in discs spaces for anterior fusion. For PSF, reduction was obtained combining three techniques: translation to rods (side opening implants), derotation and distraction-compression. Spinal fusion was performed using autogenous bone harvested from spinous processes and spongious allograft.
Demographic and radiological assessment
Demographic data are presented in Table 1 . Preoperatively, all patients were assessed by antero-posterior (AP) and lateral standing spinal digital radiographs. Traction and bending radiographies in supine position were also performed to assess reducibility of curves. Second radiological standing assessment was made at 12-month post-surgery in frontal and sagittal planes. Data, along with type of surgery performed, total number of fusion levels, the lowest instrumented vertebra (LIV), Lenke et al. classification [19] and Risser sign [27] are presented in Table 1 , as well as pre-and post-surgery values of thoracolumbar or lumbar Cobb angle curve [6] and frontal body balance [20] .
Instrumented gait analysis
Gait was assessed by three-dimensional analysis, including synchronous kinematic, electromyographic (EMG) of quadratus lumborum (QL), erector spinae (ES), gluteus medius (GM), rectus femoris (RF), semitendinosus (ST), tibialis anterior (TA) and gastrocnemius (G) muscles, mechanical and energetic measurements (Fig. 1) . Details on the computational analysis of the gait were presented consecutively in two previous papers [22, 23] . Specifically, the metabolic cost of walking was determined by the subject's oxygen consumption ( _ VO 2 ) and carbon dioxide production ( _ VCO 2 ) with an ergospirometer and expressed in ml kg -1 min -1 . The mass-specific gross energy consumption rate (W kg -1 ) was obtained from the oxygen consumption rate using an energy equivalent of oxygen, taking into account the measured respiratory exchange ratio (RER). The RER was computed as the ratio between _ VCO 2 and _ VO 2 . Each energy measurement started with a rest period in which the subject was standing on the treadmill. Thereafter, they walked until a steady state was reached and maintained for at least 2 min. The Joules of energy expended per litre of oxygen consumed were computed depending on the RER [24] . The energy expended above the resting value was divided by the walking speed to obtain the net energy cost of walking (C, J kg -1 m -1 ). The efficiency of positive work production by the muscles as a whole (muscle efficiency) was calculated as the ratio between total muscular mechanical work (W tot ) and C.
Protocol
During gait analysis, all subjects walked on treadmill. The sessions began with rest period, in which the subjects stood barefoot on treadmill (Mercury LTmed, HP Cosmos Ò , Germany) for static calibration of kinematic variables [15] . Thereafter, the subjects walked at a constant speed of 4 km h -1 for few minutes until steady state was reached. Then, kinematic, EMG and mechanical variables were simultaneously recorded for 20 s and averaged for ten successive strides. Energetic variables were computed for 2 min. Mean of each variable was used for statistical analysis.
Statistical analysis
All variables following normal distribution and equality of variance are presented as mean (±SD). The accepted significance level was set at P B 0.05.
T paired student test (SigmaStat version 2.0, SPSS, Germany) was performed to determine convex and concave Two-way repeated measure ANOVA, including post hoc test with Bonferroni correction, was performed on radiological data (Cobb angle, balance) and all gait variables. The treatment effect (pre/post-surgery) was computed as repeated factor while the type of procedure (PSF/ ASF) was introduced as fixed effect.
Results
Demographic and radiological data
Demographic and radiological data are summarised in Table 1 . The 19 patients were divided into two groups as a function of the surgical approach (PSF/ASF). In both PSF and ASF groups, there were significant differences between pre-and post-surgery frontal Cobb angle and frontal imbalance ( Table 2 ). In PSF, frontal Cobb angle curve was reduced by 61% (pre: 45.1 ± 17.1°; post: 17.5 ± 7.7°, P \ 0.001) and frontal imbalance by 47% (pre: 23.8 ± 10.3 mm; post: 12.6 ± 13.8 mm, P = 0.009). In ASF, the reduction was 47% (pre: 41.1 ± 10.5°; post: 21.7 ± 7.7°, P = 0.002) for Cobb angle curves and 48% (pre: 20.1 ± 12.4 mm; post: 10.3 ± 13.9 mm, P = 0.022) for frontal imbalance.
Radiological results (Table 2 ) showed significant differences between PSF and ASF scoliosis groups in number of fusion levels.
Comparisons of side effects on gait variables
No significant side effect was observed after surgery for any of bilateral gait variables in scoliosis patients (Table 3) except for frontal hip motion (convex: 11°vs. concave: 12°, P = 0.02) and stance duration (convex: 64.4% vs. concave: 64.7%, P = 0.04). However, these differences were very small and not clinically relevant.
Effect of surgery on gait
Results are presented arbitrarily for convex side for all patients (Table 4) . Spatio-temporal parameters changed after surgery.
Step length was increased by 4% (pre: 0.66 ± 0.04 m vs. post: 0.69 ± 0.04 m, P = 0.03) and cadence decreased by 2% (pre: 113 ± 5 step min -1 vs. post: 110 ± 5 step min -1 , P = 0.008). After surgery, frontal pelvis and hip motions increased by 18% (pre: 6.6 ± 1.9°vs. post: 7.8 ± 2.7°, P = 0.04) and 25% (pre: 9 ± 2.1°vs. post: 11.3 ± 3.3°, P = 0.005), respectively, while transverse shoulder motion decreased by 33% (pre: 4.5 ± 1.9°vs. post: 3 ± 1.9°, P = 0.04) (Fig. 2) . Muscle timing activity did not change after surgery.
Total mechanical work was significantly increased by 6% (P = 0.02) after surgery (Fig. 2) , mainly due to external work (W ext ) which increased by 13% (pre: 0.23 ± 0.02 J kg , P \ 0.001). Recovery index did not change significantly after surgery.
Energy cost did not change significantly between preand post-surgery. Muscle efficiency was significantly increased after surgery by 26%, from 22.1 ± 4.8 to 27.9 ± 8.7% (P = 0.009) (Fig. 2) . Two outliers were excluded because their RER was below 0.65 due to an escape of air from the mask.
Segmental angular sagittal speed variables did not change after surgery.
Effect of surgical approach on gait
Results did not show any differences between PSF and ASF surgery for gait variables.
Discussion
AIS provides stiff gait associated with prolonged lumbopelvic muscle contraction time and high energy cost, with low muscle efficiency observed even for mild scoliosis [22, 23] . After surgery, we expected that subsequent body stiffening due to spinal arthrodesis would affect gait more. However, our results did not support this hypothesis. Surgical treatment of thoracolumbar/lumbar AIS, whether performed with ASF or PSF arthrodesis, did not induce ''stiff gait'', but instead resulted in overall positive changes that led to partial normalisation of some gait parameters. Those patients that undergo surgery improve to conditions similar to healthy subjects [22, 23] . Post-surgery gait was not found to be asymmetric with regard to trunk, pelvis or lower limb motions, or with regard to EMG duration of lumbo-pelvic muscles.
Trunk transverse motion was affected in both groups after surgery. This is in agreement with Engsberg [16] who evaluated thoracic and double thoracic AIS. In comparing our results [16] , we expected bigger effect on transverse trunk motion in our postsurgical thoracolumbar/lumbar AIS because distal posterior fusion (L2) extended on average one level lower than in Engsberg (L1) and also because anterior fusion was more distal (L3 vs. T12). However, our results showed reduction of trunk rotation of only 1.5°. This small change could not be explained by the arthrodesis itself. As shown by Engsberg [16] , arthrodesis still allows transverse trunk ROM in static postures of 64°i n ASF groups and 49°in PSF. These results support the idea that gait does not approach maximum limits for trunk ROM. The small reduction of transverse plane motion can be explained as possible precautionary strategy meant to protect spine for rotational movements. Step ( Pelvic and hip segments, in our study, showed mainly increase in frontal motion after surgery. It could be explained by necessity to compensate stiff girdle dissociation with better frontal ROM in unaffected joints, i.e. hips and pelvis. If true, then artificial lock of trunk rotation, such as with thoraco-lumbo-sacral orthosis, could increase pelvic and hip frontal motions [38] . However, in fact, the opposite is observed in normal subjects [21] and scoliosis patients. It could be expected that with residual growth, such as that observed in the changes in lower limbs between pre-surgery and 12 months post-surgery, pelvis and hips would naturally increase their frontal ROM. However, since adult kinematics are assessed at 14 years of age [25, 26, 29] , this explanation may not be pertinent.
Another reason could be that surgical corrections of both frontal imbalance (from 22.4 to 11.7 mm) and curve deformity (from 43.2 to 18.8°) eliminate the need for excessively careful walking strategy with restricted ROM such as in pre-surgery [22] . The residual imbalance (1 cm) and curve (15.3°) corresponded to mean imbalance and scoliosis curve observed in scoliosis group Cb B 20°pre-viously studied [22] . Surprisingly, ROM of frontal pelvis and hip motions after surgery were similar to values of this scoliosis group. It is thus likely that stiff frontal ROM of pelvis and hips was due to the severity of scoliosis and/or frontal imbalance, and that the surgery, by diminishing both of them, reduces pelvis and hip stiff strategy. No changes occurred in lower extremities during gait (knee Fig. 2 Typical trace of kinematics (left graphs) and energetics (right graphs) for a patient with idiopathic scoliosis compared to the norms. On the left panel, the graphs show transverse shoulder motion (upper graph), frontal pelvis (middle graph) and hip motion (lower graph). Angular displacements (°) are expressed as function of normalised gait cycle (%).The mean (±SD vertical bars--n = 10 consecutive strides) angular displacement is plotted in black solid line for AIS pre-surgery and in grey solid line for AIS post-surgery. The dash black line represents the mean of control matched group referenced in our previous study [22] . On the right panel, the graphs represent total mechanical work (W tot , upper graph), energy cost (middle graph) and muscular efficiency (lower graph). The mean (vertical bar chart) ±SD (vertical bars) are drawn in presurgery condition (white bar chart) and in post-surgery condition (grey lined bar chart) at the speed of 4 km h -1
. The black bar chart represents the mean of norms referenced in our previous study [22, 23] and ankle) after surgery, regardless of the type of procedure (ASF/PSF), as shown by Lenke [20] .
In our study, mechanical work increased by 6% postsurgery, mainly due to increase in external work (?13%). This increase might be partly explained by improvement in ROM of pelvis and hip, resulting in increase in vertical (W ev ?5%) and forward (W ekf ?4%) displacements of COM b . Before surgery, we observed that W ext in scoliosis patients was decreased, which is consistent with previous results [23] and due to the smoothing of the vertical COM b , as occurs in a careful gait. After surgery, W ext had tendency to become optimal when compared with normal values [23] . However, excessively high mechanical work is not optimal because it requires more O 2 consumption [12, 30, [34] [35] [36] . Excessively low mechanical work [23] is not optimal either because it provides important muscular cocontractions that consume an excess of O 2 . The optimisation of mechanical work, as observed in our operated AIS, would reduce O 2 consumption and energy cost as it did in normal subjects [13, 14] . However, energy cost was not reduced in scoliosis patients after surgery, which can be partly explained by the absence of reduction in excessive time activity of lumbo-pelvic muscles. This observation also raises the hypothesis that excessive muscular activity occurs not only as biomechanical consequence of pre-surgery scoliosis curves and/or frontal body imbalance. That could direct the search of aetiology of AIS towards perturbation of the control of neuromuscular activity. Another explanation could be the persistence of increased muscular electrical activity resulting from the long delay between initiation of disease and surgical event. This hypothesis suggests the idea that early correction of scoliosis curves before any aggravation, i.e. by well-adapted orthosis, could significantly reduce this excessive EMG activity. This type of surgery did not affect muscle activity, although lower electrical activity was expected for lumbo-pelvic muscles in PSF group due to the damage caused by surgical procedure on these muscles.
In previous study, we observed that muscular efficiency was reduced by 30% regardless of the severity of curve in all untreated scoliosis patients in comparison with healthy girls [23] . This variable was therefore presented as possible criterion to be used as cut-off to differentiate affected and non-affected individuals. This loss of AIS muscular efficiency has been explained by an alteration in timing of the spino-pelvic muscles. This means that muscles consumed more O 2 than is necessary to ensure their mechanical work during walking. After surgery, muscular efficiency returned to normal [23] despite the lack in reduction of energy cost, which can be explained by increase of muscular mechanical work.
A limitation of our study was that patients were not randomly placed into ASF and PSF groups. We elected to use the patients' preoperative data as controls because our goal was to assess the effects of spinal fusion surgery on gait. However, comparisons with normal controls were possible using our previous studies [22, 23] . Some differences are small in magnitude, which makes clinical interpretation very difficult. To maintain homogeneity, we only investigated patients with main thoracolumbar/lumbar curves (Lenke [5, 6] ) and all from same gender. The postoperative comparisons were made after 1 year because Lenke [20] had shown that lower extremities gait variables did not change significantly between 1 and 2 years postsurgery.
Conclusion
This study quantified preoperative and 12 months postoperative kinematic, EMG, mechanic and energetic variables during gait in thoracolumbar/lumbar AIS patients undergoing either anterior or a posterior spinal fusion surgery. We hypothesised that spinal arthrodesis needing distal fusion to the lumbar spine would negatively affect locomotion.
After surgery, we showed that spinal fusion surgery did not cause asymmetric gait or significant differences in gait variables between ASF and PSF, despite the large discrepancy in number of fused levels. This finding is likely due to the persistence, in both surgical approaches, of at least two-to-three free spinal joints from the spinopelvis joint. Pelvic tilt and hip abduction were increased although shoulder rotation was decreased. Total mechanical work was increased to almost normal values. Despite the normalisation of mechanical work, energy cost remained globally excessive partly due to important cocontraction of lumbo-pelvic muscles and possibly also to morphological changes such as residual growth of lower limbs. Surgery is therefore not disruptive for habitual functional activities such as walking. After reduction of scoliosis curve and imbalance by surgery, AIS patients recovered similar kinematics and mechanics as did mild scoliosis patients. However, AIS postsurgical patients continued to have abnormal EMG and excessive energy expenditure.
